Introduction {#s0005}
============

Non-melanoma skin cancer (NMSC) is the most frequent human cancer worldwide and its incidence is increasing among Caucasian people due to population aging. Approximately 20% of NMSCs are cutaneous squamous cell carcinomas (cSCC) and it is the second most common subtype after basal cell carcinoma. cSCC is mainly caused by repeated exposure to solar ultraviolet radiation throughout life, but, for example, chronic ulcers, ionizing radiation, chemicals, papillomavirus infection, and immunosuppressive medication are also risk factors. Approximately 20% of all the skin cancer related deaths are caused by metastatic cSCC. The average rate of the nodal metastasis of cSCC is around 5%, and the five-year survival rate of metastatic cSCC is less than 35% [@bb0005], [@bb0010], [@bb0015], [@bb0020]. Metastatic cSCC most often spreads via tumor-associated lymphatic vessels to sentinel and distant lymph nodes (LNs), and sometimes also to distant organs, preferentially to other sites of the skin as well as to the lungs, liver, brain, and bone [@bb0025].

Increasing experimental and clinical evidence suggests that the growth of tumor-associated lymphatic vessels, in other words, tumor lymphangiogenesis, is actively induced in many tumor types [@bb0030], including cSCC [@bb0035], and that it promotes early LN metastasis. The extent of tumor lymphangiogenesis has also been suggested to serve as an independent predictor of LN metastasis and patient survival [@bb0040], [@bb0045].

Vascular endothelial growth factors (VEGFs) C and D (the c-fos-induced growth factor \[FIGF\]) are key stimulators of lymphangiogenesis. They activate the VEGF receptor 3 (VEGFR-3) that is constitutively expressed in lymphatic endothelium [@bb0050], [@bb0055]. At least in part, the signals from VEGFR-3 are transduced via the protein kinase C-dependent activation of the MEK/ERK1/2 mitogen-activated protein kinase signaling cascade and induction of Akt1 phosphorylation [@bb0060]. VEGFR-3 is expressed also in angiogenic blood vessel endothelia in tumors and thus signaling through VEGFR-3 can activate tumor angiogenesis [@bb0065]. While VEGF-C is essential for the formation of lymphatic vasculature during embryonic development [@bb0070], VEGF-D is not [@bb0075], [@bb0080]. Nevertheless, a detailed analysis of dermal lymphatic network in the *Vegfd^−/−^* mice showed that this factor is needed for the maintenance of caliber and functional capacity of initial lymphatics [@bb0085]. In humans, both ligands can also bind to VEGFR-2 on blood vascular endothelial cells to activate angiogenesis and to support primary tumor growth and metastasis [@bb0090]. In contrast to human VEGF-D, mouse VEGF-D only binds to VEGFR-3 [@bb0095].

High VEGF-C or VEGF-D expression has been shown to boost VEGFR-3-mediated signaling to promote tumor lymphangiogenesis and to enhance LN and distant organ metastasis in various experimental mouse tumor models [@bb0100], [@bb0105], [@bb0110], [@bb0115], [@bb0120]. Conversely, the blocking of VEGF-C and VEGF-D from binding to VEGFR-3 inhibits these processes [@bb0110], [@bb0125]. Reduced peritumoral lymphangiogenesis and LN metastasis have been demonstrated in *Vegfd^−/−^* mice in an orthotopic pancreatic tumor model [@bb0080], while the effect of VEGF-C deficiency on tumor growth is not known so far, due to embryonic lethality of the constitutive *Vegfc* deletion. Depending on the experimental model, human VEGF-D has been observed to either promote [@bb0110], [@bb0120] or inhibit [@bb0115] angiogenesis and tumor growth. In a range of human cancers, the expression of VEGF-C or VEGF-D positively correlates with LN metastasis and with poor patient outcome [@bb0040], [@bb0130], [@bb0135]. Collectively these data indicate that both VEGF-C and VEGF-D may play major roles in tumor lymphangiogenesis and in metastatic spread to sentinel and distal LNs and beyond. Targeting these factors and their downstream signaling pathways could thus be a promising therapeutic strategy to prevent tumor progression and metastasis.

Although much is known about VEGFs in tumor growth and metastasis, the specific roles of VEGF-D in cutaneous cancers have not been studied previously. Here we investigated the effects of VEGF-D on the development and progression of skin tumors by subjecting both *Vegfd^−/−^* mice [@bb0075] and transgenic (TG) mice that overexpress mouse VEGF-D in the skin (keratin 14 \[K14\]-mVEGF-D mice) [@bb0140] to a two-stage chemical skin carcinogenesis model [@bb0145]. We show that while *Vegfd* deletion has rather marginal effects on skin tumor growth and lymphangiogenesis, TG overexpression of VEGF-D promotes tumor lymphangiogenesis and metastasis. Interestingly, VEGF-D also induces significant changes in immune cell and cytokine profiles in the developing skin tumors, leading to a shift from a protumoral Th2 to antitumoral Th1/Th17 response, and substantial regression of primary tumors in the K14-mVEGF-D mice.

Materials and Methods {#s0010}
=====================

Mice {#s0015}
----

Age- and sex-matched transgenic K14-mVEGF-D mice overexpressing mouse VEGF-D in the skin under the K14 promoter \[Tg(KRT14-Figf)1Ali\] [@bb0140] in the FVB/N background (TG) and VEGF-D knockout (KO) (Figf^tm1Mach^) [@bb0075] mice, backcrossed into a FVB/N (Harlan, the Netherlands) background for at least five generations, were used for the skin carcinogenesis studies.

Chemical Skin Carcinogenesis {#s0020}
----------------------------

Each experimental group consisted of 15--30 TG, KO or wild type (WT) littermate control mice of 9--12 weeks of age. Mice were subjected to the chemical skin carcinogenesis involving 7,12-dimethylbenz\[a\]anthracene (DMBA; Sigma-Aldrich) and 12-*O*-tetradecanoyl phorbol-13-acetate (TPA; Sigma-Aldrich) treatments, and tumor development, size and, macroscopic appearance were monitored once a week for up to 30 weeks, as described earlier [@bb0150]. Mice were sacrificed at weeks 10, 15, 25, and 30, or at predetermined humane end points (engraved or ulcerative cSCCs, tumors with a diameter over 10 mm, or excessive tumor load per mouse). Tumor incidence (the percentage of mice with a tumor) and cumulative tumor multiplicity (the number of papillomas divided by the total number of mice alive at the time when the first mouse was removed from the experiment due to humane end points, as described by Abel et al. [@bb0145]) were recorded. To induce epidermal hyperplasia and chronic inflammation, the shaved dorsal skin of nine-week old mice was treated four times, at two-day intervals, with 5 μg of TPA in acetone and skin samples were collected on the ninth day from the first application. Mice treated with acetone were used as controls. Untreated dorsal skin was also collected from nine-week old mice. All the animal experiments were approved by the Finnish National Animal Experiment Board.

Tumor and Tissue Sample Harvesting {#s0025}
----------------------------------

Mice were sacrificed by CO~2~ inhalation and cervical dislocation; skin or skin tumors, and inguinal, axillary, and brachial lymph nodes were dissected. Tissue samples were either fixed in fresh phosphate-buffered 4% paraformaldehyde for 24 hours at 4 °C and embedded in paraffin or snap-frozen in liquid nitrogen. Hematoxylin-eosin-stained 5 μm sections from the subcapsular region of LNs were evaluated for the presence of metastases.

Histochemical and Immunohistochemical Analyses {#s0030}
----------------------------------------------

Fixed tissue sections were: treated with trypsin for 30 min at 37 °C and stained with rat anti-mouse CD-31 antibody (BD Biosciences PharMingen) or rat anti-mouse VEGF-D antibody (ReliaTech); or heated in boiling EDTA-Tris buffer (pH 9.0) for 15 minutes and stained with rat anti-mouse monoclonal F4/80 antibody against macrophages (Serotec), rat anti-mouse CD45R antibody against B-lymphocytes (BD Biosciences) or rabbit anti-mouse VEGF-C antibody (Santa Cruz Biotechnology Inc.); or boiled in 10 mmol/L citrate buffer (pH 6.0) for 15 minutes and stained with goat anti-mouse VEGFR-3 antibody (R&D Systems) or rabbit anti-mouse LYVE-1 antibody [@bb0070]. The tyramide signal amplification kit (Perkin-Elmer) was used according to the manufacturer's instructions to intensify color reactions. A biotinylated anti-rat (Vector Laboratories), anti-rabbit (Jackson Immunoresearch), or anti-goat (R&D Systems) antibody was used as secondary antibody. A Histomouse-SP Broad Spectrum (AEC) kit was used to stain helper T-cells with the monoclonal rat anti-mouse CD4 antibody (R&D Systems). Killer T-cells, lymphatic vessels and basement membranes were visualized by immunofluorescence staining using rat anti-mouse CD8 (R&D Systems), rabbit anti-mouse LYVE-1 [@bb0070], and rat anti-mouse laminin (Chemicon) antibodies, respectively, followed by appropriate secondary antibodies conjugated with Cy-2 or Cy3 (Jackson Immunoresearch). Cell nuclei were labeled with DAPI (Sigma-Aldrich). Mast cells were visualized by Leder's method of chloroacetate esterase histochemistry [@bb0155].

The Quantitation of Vessels and Immune Cells {#s0035}
--------------------------------------------

Intratumoral blood vessels and peritumoral lymphatic vessels were counted at 200x magnification from 4 to 10 microscopic fields representing the areas of highest vascular density. Branching structures were considered as a single vessel. The number of various inflammatory cell types was counted at 200x magnification from 4 to 6 random fields representing the areas of the highest density of immune cells within the tissue section. In each time point, 4 to 15 papillomas collected from 3 to 11 individual mice/genotype, and 2 to 10 cSCCs collected from 2 to 10 individual mice/genotype were used for quantification. Vessels and immune cells in untreated skin (WT = 10, TG = 7) and TPA-treated skin (WT = 6, TG = 6) were counted at same magnification from 4 to 10 random fields.

Quantitative Real-Time PCR (qPCR) {#s0040}
---------------------------------

Total RNA was extracted from untreated skin, TPA-treated skin, and skin tumors using TriPure reagent (Sigma-Aldrich) according to the manufacturer's instructions. In each time point or group, RNAs from at least 5 samples collected from at least 5 individual mice/genotype were pooled for qPCR analysis. A total of 0.5 μg of RNA was used to synthesize cDNA using an iScript cDNA Synthesis Kit (BioRad). The PCR primers for mouse interleukin (IL)-1β, IL-2, IL-4, IL-6, IL-10, IL-12, IL-17A, IL-17 F, IL-23p19, interferon (IFN)-γ, transforming growth factor (TGF)-β, tumor necrosis factor (TNF)-α, and β-actin were obtained from published studies [@bb0160], [@bb0165], [@bb0170], [@bb0175], [@bb0180], [@bb0185], [@bb0190]. The primers for the M2 macrophage marker MRC1/CD206 were 5'-TCGGTGGACTGTGGACGAGCA (sense) and 5'-TCCCGCCTTTCGTCCTGGCA (antisense), and for the M1 macrophage marker CD11c/ITGAX 5'-AGCCTTTCTTCTGCTGTTGGGGT (sense) and 5'-TGTCCGAACTCAGCACCGTCCA (antisense). qPCR was performed with iTaq SYBR Green Supermix with ROX reagents (BioRad). Each sample was run in duplicate or triplicate using a Mx3005P qPCR device (Stratagene), and repeated at least three times. Relative RNA levels were calculated by the 2^ΔΔCt^ method [@bb0195]. Values were normalized against β-actin, and the control values (the untreated skin of the WT mice) were expressed as 1 to indicate a precise fold change.

Fluoresence-Activated Cell Sorting (FACS) {#s0045}
-----------------------------------------

Mouse skin (WT = 6, TG = 5) with emerging papillomas was removed at week 10 after DMBA and TPA treatments, cut into small pieces, digested with collagenase (Worthington) for 2--3 h at 37 °C, washed and resuspended in PBS, and filtered through a 40-μm mesh to obtain single cell suspension. Cells were first stained for cell-surface markers, then fixed and permeabilized with Cytofix/Cytoperm (BD Biosciences) and stained for different intracellular cytokines according to the manufacturer's instructions. The following antibodies were used: fluorescent anti-CD3, CD4, CD8a, CD11b, Ly-6G/C (Gr-1), F4/80, TNF-α, IFN-γ, IL-4, and IL-6 (all from BD Biosciences). Isotype-matched antibodies were routinely used for background correction. Phenotypic populations were defined as follows: CD4^+^ T helper cells (CD3^+^CD4^+^Gr-1^−^), CD8^+^ cytotoxic T-cells (CD3^+^CD8^+^Gr-1^−^), and macrophages (Gr-1^−^CD11b^+^F4/80^+^). Samples were analyzed in duplicate on a FACSCalibur cytometer running CellQuest software (BD Biosciences). Values reported are given as a percentage of each immune subpopulation of total cells acquired (for immune cells) or as mean fluorescence intensity (for cytokines).

Statistical Analysis {#s0050}
--------------------

For most of the experiments, a two-tailed unpaired *t* test was used. When more than two groups were considered (IFN-γ, TNF-α, and IL-4), a non-parametric Kruskal-Wallis test, followed by a Dunn post-hoc test, was used. Differences in metastasis formation were assessed using the *χ*^2^ test. In all cases, differences were considered significant at *P* \< .05, and values are presented as mean ± SD.

Results {#s0055}
=======

Skin Tumor Formation is Impaired in K14-mVEGF-D Mice {#s0060}
----------------------------------------------------

To explore the *in vivo* role of VEGF-D in skin carcinogenesis we first compared the development and progression of chemical-induced skin tumors between TG K14-mVEGF-D mice and WT control mice ([Figure 1](#f0005){ref-type="fig"}, Supplementary Figure S1; the combined data of two separate experimental groups is presented in both figures). We observed a significant delay in tumor incidence (i.e. the proportion of mice bearing at least one tumor) from week six up to week 13 in the TG mice in comparison to the controls (*P* \< .01-.001; [Figure 1](#f0005){ref-type="fig"}*B*; Supplementary Figures S1*A* and S1*C*). The delay was the most prominent in male mice at week seven when only 12% of the TG males had developed papillomas in comparison with 52% of the WT males (*P* \< .001) ([Figure 1](#f0005){ref-type="fig"}*B*). Moreover, the TG mice developed markedly fewer papillomas than the WT mice ([Figure 1](#f0005){ref-type="fig"}*A* and *C*, Supplementary Figures S1*B* and S1*D*). The differences in papilloma numbers were already evident at week 7 (*P* \< .01), and from week 13 onwards the TG males showed approximately 40% less papillomas than the WT males (*P* \< .001). The third experimental group was followed until week 14, when the rate of tumor development was comparable to that of the 2 other groups, the TG mice having significantly less papillomas than the WT mice from week 8 onwards (*P* \< .05-.001) (not shown). In females tumor multiplicity showed a similar trend between the genotypes, but the variation between individuals was greater and statistical significance was reached mainly at late time points (Supplementary Figure S1*B*).

Upon tumor monitoring, visual inspection revealed a bigger proportion of regressing papillomas in the TG mice in comparison with the controls (*P* \< .05-.001 from week 14 onwards) ([Figure 1](#f0005){ref-type="fig"}*D*). Differing from typical exophytic pedunculated papillomas of the WT mice, the appearance of these lesions in the TG mice was sessile, often slightly scaly, and many of them disappeared gradually ([Figure 1](#f0005){ref-type="fig"}*A*). Only few regressed-like lesions could be found in the TG mice after 25 weeks, and the skin looked healthy around the remaining and growing tumors ([Figure 1](#f0005){ref-type="fig"}*A*).

The monitoring of a large number of skin tumors revealed a difference in tumor size between the TG and WT mice. The proportion of papillomas over 2 mm in diameter was significantly lower in the TG mice compared to the WT mice (*P* \< .001 at weeks 10, 15, and 20) ([Figure 1](#f0005){ref-type="fig"}*E* and Supplementary Table S1). Relative to the controls, the proportion of big tumors (over 6 mm in diameter) was also clearly lower in the TG mice in the late stages of skin carcinogenesis (*P* \< .001 at weeks 20 and 25).

We also scored the progression of papillomas to cSCCs, which typically appear as endophytic, often doughnut-shaped tumors with erosion or ulceration (Supplementary Figure S1*E*). There was a trend for lower cSCC incidence in the TG mice than in the WT mice, and at weeks 23, 24, and 29 this difference was also statistically significant (*P* \< .05-.01) ([Figure 1](#f0005){ref-type="fig"}*F*). Even though statistically significant differences were not observed in the cSCC multiplicity between the genotypes, we found a trend towards less carcinomas per mouse in the K14-mVEGF-D group than in the control group ([Figure 1](#f0005){ref-type="fig"}*G*).

Deletion of *Vegfd* in mice had no significant effects on skin tumor growth; nevertheless, the KO males showed a slight trend of more papillomas and cSCCs per mouse than their WT male littermates ([Figure 2](#f0010){ref-type="fig"} and Supplementary Figure S2; the combined data of two separate experimental groups is presented in both figures). Immunohistochemistry revealed that in the WT mouse tumors, VEGF-D was expressed in the stromal compartment by macrophages, and in some cSCCs also by invasive tumor cells, while sections from the KO tumors were negative for VEGF-D staining ([Figure 2](#f0010){ref-type="fig"}, *C* and *D*). Collectively, our data imply that high VEGF-D expression in the mouse skin markedly impairs tumor development in the chemical skin carcinogenesis model.

Elevated VEGF-D Leads to an Increase in Tumor Lymphangiogenesis and in LN Metastasis {#s0065}
------------------------------------------------------------------------------------

VEGF-D acts as a ligand for VEGFR-3, and signaling through this receptor can activate both tumor lymphangiogenesis and angiogenesis [@bb0090]. The number of peritumoral LYVE-1-positive lymphatic vessels was significantly higher in the TG mice than in WT mice at various stages of skin tumorigenesis (papillomas at weeks 10, 15, and 20--24 \[*P* \< .05\], and cSCCs at week 30 \[*P* \< .05\]) ([Figure 3](#f0015){ref-type="fig"}*A* and *B;* Supplementary Figure S*3*). The lymphatic vessel density was also about two times higher in the untreated TG skin in comparison with the control skin (*P* \< .05), and strongly increased in the dermis of mutant mice versus controls in TPA-induced skin hyperplasia (*P* \< .001). In contrast, the papillomas and cSCCs in the KO mice showed a trend towards decreased tumor lymphangiogenesis, and in the untreated skin and in cSCCs at week 29, the difference between genotypes was also statistically significant (*P* \< .05) ([Figure 2](#f0010){ref-type="fig"}*E*). Relative to the WT mice, skin tumor angiogenesis showed no differences in the TG mice ([Figure 3](#f0015){ref-type="fig"}*C* and *D*) or KO mice ([Figure 2](#f0010){ref-type="fig"}*F*).

Metastatic dissemination into regional LNs was increased in the TG mice relative to the WT mice at late time points ([Figure 3](#f0015){ref-type="fig"}*E*) but not affected in the KO mice (Supplementary Figure S2*C*). At weeks 26--30 the frequency of LN metastasis in the cSCC-bearing TG mice was even 60% in comparison with 29% in the WT mice (*P* \< .05; [Figure 3](#f0015){ref-type="fig"}*E*). These data show that VEGF-D induces lymphangiogenesis in mouse skin tumors and promotes tumor metastatic spread at the late stage of skin carcinogenesis, supporting the previous observations from other tumor models [@bb0110], [@bb0115], [@bb0120].

Altered Immune Response in the Skin Tumors of the K14-mVEGF-D Mice {#s0070}
------------------------------------------------------------------

In order to explain the distinctly enhanced papilloma regression in the K14-mVEGF-D mice, we next focused on tumor inflammation. Immunohistochemical analysis demonstrated markedly less CD4^+^ T-helper cells within TG tumor stroma relative to WT stroma ([Figure 4](#f0020){ref-type="fig"}, *A* and *B,* and not shown). This difference was already seen from week 10 onwards and was significant in all stages of skin carcinogenesis (*P* \< .05 to 0.01). On the contrary, the number of CD8^+^ cytotoxic T-cells was prominently increased in TG papillomas at weeks 20--24 (*P* \< .01) and at week 30 (*P* \< .05) in comparison with WT papillomas ([Figure 4](#f0020){ref-type="fig"}, *C* and *D*). We also found a significant decrease in F4/80^+^ macrophage accumulation in the TG papillomas and cSCCs at weeks 20--25 (*P* \< .05--0.01) ([Figure 4](#f0020){ref-type="fig"}, *E* and *F)*, and also less Leder-positive mast cells in the TG papillomas (a significant difference at week 30 \[*P* \< .05\]) (Supplementary Figures S4*A* and S4*B*). FACS analysis corroborated our findings on significantly less macrophages and CD4^+^ T-cells, and more CD8^+^ T-cells at the early stage of skin tumorigenesis (week 10) ([Figure 4](#f0020){ref-type="fig"}G and Supplementary Figure S5). Immune cells counts were comparable in the untreated and TPA-treated skin of the TG and WT mice ([Figure 4](#f0020){ref-type="fig"}). No differences were detected in macrophage, mast cell or CD4^+^ T-cell counts between the KO and WT tumors nor in the TPA-treated or untreated skin (Supplementary Figures S4*C-*S4*E*).

VEGF-D Modulates Immune Cell Polarization in Skin Tumors {#s0075}
--------------------------------------------------------

Depending on microenvironmental signals, macrophages polarize to either anti-tumoral (M1) or pro-tumoral (M2) phenotypes, and CD4^+^ T cells differentiate into various T helper (Th) cell lineages cells with distinct functions in tumor immunity [@bb0200], [@bb0205]. Simplifying, the interferon-γ (INF- γ) --producing Th1 subset possesses tumor cell cytotoxicity and also polarizes macrophages towards M1 phenotype, while interleukin-4 (IL-4) --producing Th2 cells stimulate alternative M2 activation program and oppose antitumor responses. Finally, the roles of IL-17 -producing Th17 subsets in tumors are more complex and still controversial [@bb0200], [@bb0210].

To evaluate whether VEGF-D production could alter immune cells polarization during carcinogenesis, we performed qPCR to compare cytokine levels in total RNA fractions extracted from healthy skin, TPA-treated skin, and skin tumors collected at different time points. These data suggested changes in cutaneous cytokine levels between the TG and WT samples, showing, for example, that the upregulation of IL-4 mRNA (a typical pro-tumoral cytokine) was significantly lower in TPA-treated hyperplastic skin and the skin tumors of the TG mice in comparison to their WT littermates (*P* \< .05 in papillomas at week 15, and *P* \< .01 in cSCCs at weeks 20--24) ([Figure 5](#f0025){ref-type="fig"}*A*), possibly indicating a role for VEGF-D in Th1 polarization. Accordingly, the typical M1 biomarkers IL-1β, IL-6, and IL-12 mRNAs were significantly higher in the untreated TG skin in comparison with the WT skin (*P* \< .05) ([Figure 5](#f0025){ref-type="fig"}*B*) suggesting the predisposition of the TG skin towards Th1 responses. During skin carcinogenesis, however, their expression levels varied depending on the time point and the genotype (not shown).

As the Th17 cells are known to develop from naïve CD4^+^ T cells in the presence of at least IL-6 and IL-1β and are maintained by IL-23 [@bb0205], [@bb0210], we sought to investigate whether the Th1 predisposition of TG mice would lead to differences in Th17 responses during experimental skin carcinogenesis. We found that while IL-17A and IL-17 mRNAs were either undetectable or expressed at very low levels in all WT samples and in the healthy TG skin, they strongly peaked in TG papillomas at week 15 (*P* \< .001 for both cytokines), rapidly dropping down at later stages of papilloma and cSCC development (Supplementary Figures S*6A* and S*6B*). Similarly, IL-23 expression reached significantly higher levels in TG papillomas at week 15 in respect to WT papillomas (*P* \< .01), and then decreased to WT control levels, though with a slower pace than IL-17A and IL-17 F (Supplementary Figure S*6C*). No obvious differences were observed in IFN-γ, IL-2, IL-10, TGF-β, TNF-α, MRC1/CD206, or CD11c mRNA levels between the TG and WT mice (not shown). Altogether, the cytokine expression profiles suggested that experimental overexpression of VEGF-D primes mouse skin towards a Th1/M1 phenotype, which favors the onset of strong Th17 response during early phase of tumorigenesis.

To further verify the effects of VEGF-D on the polarization of immune cells, we quantified key pro- and anti-tumoral cytokines by intracellular staining and FACS analysis. After 10 weeks of DMBA and TPA treatments, a significant polarization towards the production of inflammatory cytokines (TNF-α and IL-6 in macrophages and TNF-α in T-cells) could be observed in the TG samples in comparison to the WT samples ([Figure 5](#f0025){ref-type="fig"}, *C* and *D*; Supplementary Figure S7), again suggestive of the anti-tumoral M1/Th1 polarization due to VEGF-D overexpression. Likewise, IFN-γ (another prototypical Th1 cytokine) was significantly elevated in T-cells and the macrophages of the TG tumors in comparison with those of the WT tumors ([Figure 5](#f0025){ref-type="fig"}*E* and Supplementary Figure S7). Differing from lower total IL-4 mRNA in TG skin relative to WT skin ([Figure 5](#f0025){ref-type="fig"}*A*), its level was higher in the immune cells of the TG mice than in those of the WT mice ([Figure 5](#f0025){ref-type="fig"}*F* and Supplementary Figure S7). Collectively, these data suggest that, in early skin tumorigenesis, elevated VEGF-D attenuates Th2 polarization in favor of a more robust Th1 response. This, in turn, could significantly reduce and delay tumor growth and burden.

Discussion {#s0080}
==========

The most striking observation in this study was the inhibitory effect of VEGF-D overexpression on primary skin tumor growth. A comparable finding has been made previously in a Rip1Tag2 mouse model of pancreatic cancer wherein overexpression of VEGF-D in β-cells resulted in reduced tumor outgrowth [@bb0115]. In our study, the number and size of the DMBA-TPA-induced skin tumors were significantly decreased and their incidence delayed in the TG K14-mVEGF-D mice in comparison with the controls. VEGF-D or VEGF-C do not appear to affect keratinocyte proliferation or survival [@bb0215], implying that these factors rather have an indirect influence on primary tumor growth.

Inflammation plays a critical role in tumorigenesis and can either promote or suppress tumor growth [@bb0200], [@bb0205]. We found that in the two-stage skin carcinogenesis model, VEGF-D attenuates the Th2 response that normally boosts tumor development via induction of chronic inflammation. This was evidenced by an increase in the amount of cytotoxic CD8^+^ T-cells and a concomitant decrease in CD4^+^ T-cells, macrophages, and mast cells in VEGF-D overexpressing tumors. Mice lacking CD4^+^ T-cells show reduced tumor incidence and number, and delayed neoplastic progression in experimental skin cancer, while in the CD8 KO mice, tumor development is enhanced [@bb0220], [@bb0225]. Moreover, human cSCC patients with a high amount of peritumoral CD8^+^ T-cells tend to survive longer and have a lower neoplastic cell proliferation index [@bb0230].

FACS analysis of intracellular cytokines in tumor macrophages and T-cells demonstrated that TNF-α, IFN-γ, and IL-6 were significantly higher in early stage papillomas of the TG mice rather than the WT mice, indicating that VEGF-D promotes anti-tumoral M1/Th1 polarization. qPCR revealed high expression of typical Th17 response markers in early stage TG papillomas relative to WT papillomas, too. Th17 cells have both pro- and antitumorigenic effects [@bb0210], but, based on our data on significantly less primary skin tumors and elevated M1/Th1 response in the excess of VEGF-D, we believe the observed Th17 activation is aimed towards tumor rejection. However, it should be kept in mind that strict classification of immune responses to anti-tumoral M1/Th1 and pro-tumoral M2/Th2 categories simplifies the situation prevailing in tumor tissues, and immune cells rather show considerable heterogeneity as pointed out recently for macrophage populations in human cSCC [@bb0235].

Unexpectedly, IL-4 was also higher in TG immune cells than in WT immune cells, but its transcript was constantly lower in the total RNA pool extracted from papillomas and cSCCs. IL-4 is one of the key pro-tumoral cytokines that supports Th2 activation in an autocrine manner, induces alternative activation of macrophages, and downregulates Th1 responses [@bb0240]. It should be noted, however, that IL-4 also has anti-tumoral effects -- such as the recruitment and activation of innate immune cells and the enhancement of CD8^+^ T-cell mediated anti-tumor immunity -- and that its diverse effects in tumors seem to depend on source and target cells, concentration, and expression kinetics, as well as on its interaction with multiple microenvironmental factors [@bb0245].

A significant up-regulation of the M1 macrophage markers IL-1β, IL-6, and IL-12 was also observed in the untreated TG skin in comparison with the WT skin, while in tumors their levels were comparable between the genotypes. These observations suggest a selective skewing of the skin immune environment to favor a M1 phenotype in the untreated TG skin, and a role of VEGF-D in shaping the immune environment of healthy mouse skin towards an anti-tumoral setup that preserves the anti-tumoral polarization of tumor macrophages and T-cells, thus leading the regression of primary tumors in the TG mice.

Interestingly, a recent study showed that VEGF-D induces and a VEGFR-3 neutralizing antibody suppresses the production of IL-6 by CD11c^+^ dendritic cells and results in enhanced anti-tumor immunity in an allogeneic hematopoietic stem cell transplantation model in mice, thus endorsing our view about the immunomodulative role of the VEGF-D/VEGFR-3 axis [@bb0250]. Moreover, transgenic delivery of VEGF-C or VEGF-D was shown to ameliorate the persistent chronic inflammation in the oxazolone-treated skin of K14-VEGF-A mice, implying that functional lymphatic vessels activation via VEGFR-3 functions in preventing the development of chronic inflammation [@bb0255].

The importance of properly regulated VEGFR-3 signaling in tumor inflammation is further supported by another recent study wherein the blocking of VEGF-C and VEGF-D by the transgenic overexpression of soluble VEGFR-3 (sVEGFR-3) inhibited the development of a pro-tumorigenic tissue microenvironment, leading to decreased skin tumor growth in the DMBA-TPA model [@bb0215]. Consistent with our study, the amounts of macrophages and CD4^+^ T-cells were significantly lower in the sVEGFR-3 TG skin, however, changes in macrophage polarization were not observed. Decreases in CD45^+^ leukocytes and F4/80^+^ macrophages, as well as the reduced growth of pancreatic tumors, were also observed in the Rip1Tag2 model upon VEGF-D overexpression [@bb0115], further highlighting VEGF-D/VEGFR-3 signaling in modulating a tumor immune environment. The opposite to these findings (an increased number of macrophages and accelerated tumor growth) was observed in a human xenograft model upon VEGF-D overexpression [@bb0120], but the use of an immunodeficient host in this model makes it difficult to compare the data with our immunocompetent model. Hence, both sequestering of VEGF-C and VEGF-D, and overexpression of VEGF-D appear to entangle VEGFR-3 signaling in the mouse skin, resulting in an anti-tumorigenic inflammatory microenvironment; however, the detailed molecular mechanisms behind these observations are still obscure.

Lymphangiogenesis is elevated in various cutaneous tumors and correlates with the incidence of early sentinel LN metastasis and reduced survival rates [@bb0035], [@bb0260]. We show here that overexpression of VEGF-D leads to higher lymphatic vessel densities in healthy mouse skin, in chronically inflamed skin, and in carcinogen-induced skin tumors and enhances the spread of cancer cells to sentinel LNs. These observations are consistent with previous mouse and human data [@bb0080], [@bb0115], [@bb0120], [@bb0130], [@bb0135], [@bb0140]. Interestingly, it was recently shown that Th17-secreted IL-17 can directly induce VEGF-D expression and corneal lymphangiogenesis in mice [@bb0265]. We observed here both high IL-17 levels and elevated lymphangiogenesis in early stage skin tumors of K14-mVEGF-D overexpressing mice. Even if we did not study the relationship between VEGF-D and IL-17 at molecular level, the observations by Chauhan et al. and us may imply a crosstalk between the two growth factors in regulating lymphangiogenesis. In an opposite result to previous studies [@bb0075], [@bb0080], we detected reduced lymphatic vessel density in the healthy skin of the *Vegfd*-deleted mice. A lack of VEGF-D has been shown to dampen lymphagiogenesis and metastasis in an orthotopic pancreatic tumor model [@bb0080], and we also found a trend for reduced lymphangiogenesis in the KO papillomas and cSCCs, albeit with no observed effects on LN metastasis. It should be noted, however, that the rate of metastasis of experimental skin tumors is generally low, and also the DMBA-TPA protocol is of limited utility for studying metastasis [@bb0145]. Likewise in human [@bb0035], murine VEGF-D expression was detected in inflammatory cells adjacent to the cSCC, and in invasive cancer cells, suggesting that it is up-regulated upon malignant conversion, and contributes to tumor lymphangiogenesis.

In conclusion, our data imply that aberrant regulation of VEGFR-3 signaling due to elevated of VEGF-D in the mouse skin has two outcomes: first, the beneficial modulation of the inflammatory tissue microenvironment, which shifts intratumoral immune responses away from a tumor-supportive Th2-type and towards a tumor-suppressive Th1/Th17-type, and substantial regression of primary skin tumors in an early stage of carcinogenesis; and second, the prejudicial stimulation of lymphangiogenesis, which raises the frequency of LN metastasis. While high VEGF-D levels in human tumors generally correlates positively with increased metastasis and reduced survival [@bb0040], [@bb0130], [@bb0135], and with poor differentiation and increased invasiveness [@bb0270], [@bb0275], correlations with a good prognosis and high differentiation grade have also been presented recently [@bb0280].
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![Impaired skin tumor formation in TG K14-mVEGF-D mice in a chemical skin carcinogenesis model. Tumors were induced in the mouse skin using a multistage DMBA-TPA protocol and their growth was monitored for up to 30 weeks (Wk). Data from two separate experimental groups of males (WT N = 23, TG N = 25) are combined. (A) Representative photographs of the WT and K14-mVEGF-D TG male mice at different time points. Black arrowheads indicate exophytic papillomas and white arrowheads regressing papillomas. (B) Tumor incidence showed a significant delay in the TG mice. (C) The TG mice developed markedly less tumors than the WT mice. Cumulative tumor multiplicity is shown. (D) The percentage of regressing papillomas (the black portion of the column) was higher in the TG mice (red) than in the WT mice (green). (E) Smaller tumor size in the TG mice than in the WT mice. Tumor sizes are shown as a percentage of tumors in three different size categories. Statistical significance for each size category is shown in between the column pairs. (F) At weeks 20--30 the percentage of TG male mice with clinically apparent cSCC was lower than that of WT control males. (G) A trend towards less cSCCs per mouse was observed in TG males. N = number of mice. Error bars: SD.\*: *P* \< .05; \*\*: *P* \< .01; \*\*\*: *P* \< .001; ns: not significant.](gr1){#f0005}

![DMBA-TPA-induced skin carcinogenesis in VEGF-D knockout mice. Tumor incidence (A) and cumulative multiplicity (B) in the KO males (N = 26) and the WT males (N = 27) did not show statistically significant differences between the genotypes. (*C-D*) Expression of VEGF-D in mouse skin tumors. Representative immunohistochemical stainings showing VEGF-D expression in mouse cSCCs. (C) Consecutive sections of the WT cSCC stained with antibodies against VEGF-D and F4/80 demonstrate that VEGF-D is expressed by F4/80-positive macrophages (arrowheads) within the WT cSCC stroma. Asterisks indicate vessels that facilitate the identification of co-stained cells in the consecutive sections. (D) VEGF-D expression by invasive carcinoma cells (arrowheads) within the WT cSCC. The KO cSCC is used as a negative control for VEGF-D staining. (E) The quantification of lymphatic vessel density in the untreated (UT) skin, TPA-treated skin, and papillomas (PAP) and cSCCs collected at different time points of skin carcinogenesis. The KO tumors showed a trend for reduced lymphangiogenesis. In the UT skin, and in cSCCs at week 29, the difference between the genotypes was significant. (F) No significant differences in blood vessel densities between the KO and WT males in any type of sample. Scale bars: 50 μm (C) and 100 μm (D): Error bars: SD. \*: *P* \< .05.](gr2){#f0010}

![Increased tumor lymphangiogenesis and lymph node metastasis in TG K14-mVEGF-D mice. (A) Representative images of peritumoral LYVE-1 immunohistochemistry in WT and TG papillomas at week 20. (B) The quantification of lymphatic vessel density in the UT skin, TPA-treated skin, and PAPs and cSCCs collected at different time points. Tumor lymphangiogenesis was more prominent in the TG mice than in the WT mice. (C) Representative images of intratumoral CD-31 immunohistochemistry in WT and TG papillomas at week 20. (D) No significant differences in blood vessel densities between the TG and WT mice in any type of sample. (E) The frequency of LN metastasis at weeks 26--30 was significantly higher in the TG mice than in the WT mice. Scale bar: 100 μm. Error bars: SD. \*: *P* \< .05; \*\*\*: *P* \< .001.](gr3){#f0015}

![The TG overexpression of VEGF-D affects inflammatory cell accumulation in skin tumors. Representative photographs of CD4^+^ (A) and CD8^+^ (C) T-cells and F4/80^+^ macrophages (E) in the peritumoral area of WT and TG papillomas at week 20. The number of CD4^+^ (B) and CD8^+^ T-cells (D), and macrophages (F) in the UT skin, TPA-treated skin, PAPs and cSCCs collected at different time points of skin carcinogenesis. VEGF-D overexpression resulted in significantly less CD4^+^ T-cells and macrophages, and more CD8^+^ T-cells in skin tumors at several time points of skin carcinogenesis. (G) FACS analysis revealed significantly less CD4^+^ T-cells (CD3^+^CD4^+^Gr-1^−^) and macrophages (Gr-1^−^CD11b^+^F4/80^+^), and significantly more CD8^+^ T-cells (CD3^+^CD8^+^Gr-1^−^) in the DMBA-TPA treated skin of the TG mice (N = 5) than in the WT mice (N = 6) at week 10 of carcinogenesis. Scale bars: 100 μm (A, E) and 50 μm (C). Error bars: SD. \*: *P* \< .05; \*\*: *P* \< .01.](gr4){#f0020}

![VEGF-D affects immune cell polarization. Cytokine expression in the skin and skin tumors of the K14-mVEGF-D TG mice and WT mice. Analyses using qPCR were carried out with total RNA isolated from the UT skin and PAPs collected from the TG mice (white) and WT mice (black) at different time points during skin tumorigenesis. (A) Interleukin IL-4 mRNA levels were lower in the TG tumors than in the WT tumors. (B) IL-1β, IL-6 and IL-12 mRNAs were upregulated in the UT TG skin when compared with the UT WT skin. (*C-F*) FACS profiling of key cytokines in macrophages and T-cells at week 10 of skin tumorigenesis. Relative to the WT mice (N = 6), the TG mice (N = 5) show a robust Th1 response and polarization towards the M1 phenotype, evidenced by higher levels of anti-tumoral TNF-α (C), IL-6 (D), and IFN-γ (E), and pro/anti-tumoral IL-4 (D). Error bars: SD. \*: *P* \< .05; \*\*: *P* \< .01; \*\*\*: *P* \< .001.](gr5){#f0025}
